Background. Active oxygen species can influence vascular tone and platelet activation through a variety of mechanisms. This study assessed the role of the superoxide anion, the hydroxyl radical, and hydrogen peroxide in vasoconstriction and mural thrombosis after coronary artery angioplasty in intact dogs.
However, the precise chemical nature of the agents mediating interactions among blood elements, endothelium, and vascular smooth muscle cells remains unclear.
Our hypothesis was that active oxygen species produced at the site of injury mediate in vivo coronary vessel spasm and thrombosis after angioplasty. These radicals originate from stepwise univalent reduction of molecular oxygen in the course of a variety of metabolic pathways,16-18 such as arachidonate degradation, NADPH-dependent oxidation in leukocytes, auto-oxidation of catecholamines, hypoxanthine oxidation by xanthine oxidase, and many others. Therefore, those highly reactive intermediates are likely produced at the site of vascular injury. Free oxygen radicals exert a range of vascular effects '9 and have been proposed as a mechanism regulating endothelial cell secretion.1820 The superoxide (02 ) radical inactivates endothelium-derived relaxing factor. 212 Superoxide release from endothelium appears to mediate basilar artery constriction provoked by calcium ionophore. 23 Superoxide may give rise to the hydroxyl (OH') radical, a potent oxidant mole- cule that attacks virtually every cell constituent16-18; hydroxyl radicals and lipid hydroperoxides inhibit synthesis of prostacyclin20,24 and may influence vessel tone.'925 In addition, superoxide enhances platelet activation in vitro. 26, 27 The objective of this study was to investigate the role of some active oxygen species in the genesis of spasm that acutely follows angioplasty of intact canine coronarv arteries. Epicardial arterial diameters at arteriography and thrombus deposition at serial histological sections were analyzed in control animals and in those given scavengers or 
Protocol
After the first baseline LAD arteriography, a steerable guide wire (USCI Division, CR Bard Inc., Billerica, Mass.) was advanced under fluoroscopy through the Sones catheter into the proximal LAD. The S-cath was then removed and a Gruentzig catheter (G-cath) (USCI; balloon size, 25 .0 mm in length and 3.0 mm in diameter) was advanced over the guide wire into the LAD, as distally as possible. Angioplasty was performed with four balloon insufflations, 30 seconds each, with a 60-second interval; the first two were at 10 atm, and the last two were at 8 atm. These pressures were chosen in preliminary experiments as those uniformly promoting rupture of the medial muscle layer; lesser degrees of balloon inflation were associated with increased variability in vasospasm. The S-cath was then placed again into the proximal LAD and flushed continuously with 0.3 ml/min heparinized saline. Arteriograms were then performed at 5, 15, 30, 60 , and 120 minutes after angioplasty. Immediately after the last arteriogram, the dogs were killed with pentobarbital and KCI. The heart was excised; the injured area was easily visualized through vessel dilation and small periarterial hematoma. Diagonal branches and the distal LAD were tied; the proximal LAD was perfused through its ostium with 4% glutaraldehyde in phosphatebuffered saline, pH 7.4, for 20-30 minutes at low pressure and flow. The myocardial fragment containing the injured area, plus its proximal and distal 2.0-cm segments, was then immersion-fixed in glutaraldehyde, cut into 2-mm slices, and stained for light microscopy by the Verhoeff-Van Gieson method, as well as with hematoxylin and eosin. In 18 dogs (11 controls and eight treated with SOD), every third of those slices was prepared for scanning electron microscopy. These arterial slices were open and cut into smaller fragments; large visible thrombotic material was carefully removed. Specimens were fixed with cyanoacrylate over appropriate supports and submitted to critical-point dehydration, followed by sputtering with gold.
Treatment Groups
Treatment for each dog was chosen at random. Intracoronary infusions were given either through the S-cath or through a special adaptation of the G-cath lumen, consisting of a large oval hole 3 mm proximal to the balloon. Because this hole offered much less mechanical resistance to injection than the original orifice distal to the balloon, most of the material injected through the catheter lumen immediately reached the area of balloon-induced injury; this was confirmed in several dogs by contrast injection.
Control group (n=20). Control dogs were given heparinized saline: 20 ml i.c. (G-cath) for Data Analysis Films and pathological specimens were coded in a way to prevent identification of the dog, so that all data analysis was totally blinded to the observer. Arteriographic images were projected directly over tracing paper attached to a glass plate, and the arterial contours were drawn with a sharp pencil. Care was taken to analyze all images at the same phases of the cardiac cycle. The sequential LAD tracings were divided in segments, identified by their position relative to the emergence of diagonal branches. The injured segment was defined as that within the main balloon shaft, as well as by the specific arterial alterations. Distal to this segment, the LAD was divided into 5-mm segments, named sequentially from D-1 to D-4 ( Figure 1 ). The D-1 segment contained the tapered balloon extremity. Mural thrombosis was quantified through computer-assisted planimetry, and results were expressed as percent of lumen area. Absolute thrombus volume was also estimated; since results with this variable were similar to the former, we reported only the relative thrombus size. Vasospasm at the proximal tapered balloon extremity was also observed in some dogs. However, we chose not to analyze this variable, since it was less pronounced and less consistent than distal spasm, probably because of increased size and variability of coronary diameters proximally and less definition of images due to oblique x-ray beam incidence.
Quantification ofAngioplasty-Induced Lesion
Proper comparison of vascular responses among the different treatment groups should assume similar degrees of angioplasty-induced lesion. Such injury was quantified 1) at arteriography, as the average and 33 Briefly, 100 ,ul heparinized dog blood was incubated at 37°C for 5 minutes with opsonized zymosan in the presence of CaCI2 and MgCl2. Cytochrome c type IV (3.0 mg/ml in Hanks' balanced salt solution) was added; the reaction was allowed to proceed at 37°C for 10 minutes and was then interrupted with an ice bath plus ice-cold Hanks' balanced salt solution. The mixture was then centrifuged, and the supernatant was read spectrophotometrically at 550 and 468 nm. Each blood sample was analyzed in the absence and presence of exogenous SOD; final results were expressed as SOD-inhibitable production of reduced cytochrome c.
Effects of SOD on In Vitro Platelet Aggregation
Platelet aggregation was induced in platelet-rich plasma by ADP or platelet-activating factor (1-0-alkyl-2-acetyl-sn-3-glyceryl-phosphorylcholine) according to standard techniques for transmission aggregometry. Briefly, citrated blood was centrifuged at 1,100 rpm for 5 minutes; platelet-rich plasma was separated and diluted with saline until a final con 
Results

Hemodynamic and Hematological Variables
For all dogs, baseline arterial pressure was 112±3 mm Hg, and heart rate was 115±2 beats/min. Arterial pressure changed by no more than 10 mm Hg throughout each experiment. Platelet count was (280,000±17,000)/mm3, total leukocyte count was (7,740±443)/mm3, and hematocrit was 32±1%. These variables were similar among all treatment groups. After heparin administration, thrombin time and activated partial thromboplastin time were prolonged in every dog at least fourfold and threefold, respectively.
Angioplasty-Induced Injury
Baseline coronary diameters and their percent stretching induced by the inflated balloon were similar among all groups; histological injury scores were equally similar ( In three additional intact dogs not given any previous treatment, arteriographies were performed at baseline twice (separated by a 15-minute interval) and at 2 and 10 minutes after an intracoronary 30-mg SOD bolus. Arteriographic images were divided from LAD origin into five equally spaced segments. There were no differences in epicardial coronary diameters for each condition.
In the two additional open-chest dogs instrumented to measure coronary flow, bolus injections of SOD did not alter coronary flow (0+0% change) from the respective baseline values of 24 and 31 ml/min. On the other hand, coronary flow could be increased at least 2.7 times by postischemic reactive hyperemia (used as a control).
Thus, SOD lacked a direct effect on epicardial or small-vessel coronary tone in our preparation.
SOD Effects on In Vitro Platelet Aggregation
To examine the possibility of direct SOD effects on platelets, influence of increasing concentrations of exogenous SOD (10. 50, or 500 units/ml) on in vitro platelet aggregation induced by ADP or plateletactivating factor was analyzed. Threshold aggregating concentrations for these two agonists were, respectively, 11.7+3.8 ,ug/ml (range, 0.7-29. Patterns shown in panels E and F were more prevalent in control than in SOD-treated dogs. Bars, 10 um.
systemic heparinization (n=12). In four dogs, threshold aggregating concentrations for plateletactivating factor and ADP were unchanged after systemic SOD administration. Discussion The major finding of this study was the significant prevention of coronary vasospasm after angioplasty in dogs treated with SOD. Nonspecific direct effects of this enzyme on platelets and coronary vessels are unlikely to primarily explain our findings, since this enzyme alone induced no change in coronary flow and epicardial artery diameters in vivo and platelet aggregation in vitro. SOD is a specific superoxide radical scavenger28 and has been extensively used in vitro and in vivo as a pharmacological probe to assess superoxide activity. 17, 21, 22, 26, 2729, 35 Also, SOD doses used in the present study were sufficient to account for scavenging of substantial amounts of superoxide radical in circulating blood. Therefore, the present data constitute significant evidence implicating the superoxide radical in vasoconstriction after angioplasty in vivo. This effect can be mediated through a variety of mechanisms.
It is well known that oxygen-derived intermediates such as superoxide anion, hydrogen peroxide, and hydroxyl radicals are interrelated; their relative concentrations are dependent on the availability of endogenous scavengers and catalytic metal ions.'6 Superoxide anion, being poorly reactive in aqueous medium'6 18 and highly diffusible through intact cell membranes,36 is capable of diffusing outside its intracellular sources, probably through ion channels.37 On the other hand, the hydroxyl radical is very reactive, being extremely short-lived and unlikely to diffuse toward extracellular space. In our study, catalase, deferoxamine, and DMTU were ineffective against vasoconstriction and thrombus development. However, interpretation of results for each of those interventions alone should be cautious, considering scavenger accessibility and multiple properties. Catalase can be inefficient for scavenging low concentra- previous studies show a vasodilator effect for superoxide. 19 However, such in vivo data refer to arteriolar resistance rather than conductance vessels and were obtained mainly in cerebral vessels, which may react differently from other vascular beds; also, it is difficult to ascertain whether these effects are due to superoxide or to one of its reaction products. In summary, the action of SOD may have been due to antagonism of direct and indirect superoxide radical vascular effects. Superoxide anion is also directly involved in platelet activation, in addition to its indirect (e.g., nitric oxide-mediated) effects. Platelets contain SOD and can produce detectable amounts of superoxide anion.51 Coincubation of platelets with superoxide radicals in vitro enhances platelet serotonin secretion26 and thrombin-induced platelet activation27; also, SOD blocks platelet aggregation induced by thrombin. 27 In the present study, mural thrombosis was less pronounced, although not less prevalent, in SODtreated animals in relation to controls, an effect not observed in the other groups. This suggests that direct or indirect prevention of platelet activation by SOD occurred at some stage of its protective action. SOD was ineffective in our in vitro tests of platelet aggregation; however, the platelet should not be excluded as an in vivo target for protective SOD effects, because the aggregators that are used in vitro may differ from those that specifically trigger platelet activation in vivo. In addition, superoxide could be produced in vivo by sources other than platelets, a phenomenon not detected in vitro; superoxide effects on indirect platelet-endothelium interactions (e.g., via endothelium-derived relaxing factor) would also be missed by in vitro studies. We observed the lack of SOD effect on platelet deposition at the injured vessel wall; this fact is not surprising, since even substances with a proven antiplatelet effect, such as aspirin, do not reduce platelet adhesion.52 In conclusion, the observed SOD effects may have been due to platelet-dependent, in addition to platelet-independent, mechanisms.
Neutrophils and other white blood cells could also be involved in beneficial SOD effects, since they constitute an important source of superoxide radicals,16,17 which, in turn, enhance their chemotactic responses.53,54 However, the role of those cells in acute vascular response to injury is unclear at present.
A particular feature of this model was the strict location of vasospasm at the distal tapered balloon extremity. This finding was well observed in other studies in vivo' or in vitro. 15 Specifically, Fischell et al15 showed that the location of vasospasm, whether at the injured zone or at the tapered balloon edges, was dependent on the degree of balloon inflation but that the phenomenon was basically the same. In our model and in previously reported ones,' medial thinning and rupture was induced by balloon dilation in each animal, similar to clinical angioplasty6; the severity of angioplasty-induced injury, as assessed by angiographic and histological criteria, was similar among treatment groups. Such muscle injury induced by the main balloon shaft could cause local vessel "4paralysis." 1 In contrast, the tapered balloon extremity was associated with a spectrum of progressively less injury, as shown in Figure 7 . It is conceivable that this spectrum contains the ideal combination of endothelial and muscular injury necessary to provoke local spasm. A potential limitation of this model was the use of intact rather than atherosclerotic arteries. Presence of an atheroma could further influence vascular response to angioplasty by exposing a larger vessel wall surface for platelet adhesion,6 by promoting activation of cellular elements such as macrophages,55 by generating cholesterol-loaded fragments,56 and by leading to formation of folds and pouches likely to promote blood stasis.6 However, even in intact arteries, it is reasonable to assume that platelet deposition, mural thrombosis, and vasoconstriction are likely stimulated by vessel rupture and exposure of subintimal and particularly medial tissue; this exposure is the key determinant of vascular response to injury.55 This assumption is supported by previous studies.1'2'655 Effects of angioplasty may be further determined by the type of artery chosen as a model, since platelet deposition is directly correlated to shear stress,55 which is higher in coronary than in carotid1,2 or femoral56 arterial systems.
In conclusion, this study provides in vivo evidence implicating superoxide anion activity in some aspects of vascular response, particularly vasoconstriction, after angioplasty. This radical or closely related oxygen species may represent a system mediating physiological or pathological interactions among blood elements, vascular endothelium, and smooth muscle cells. Further research clarifying mechanisms of such interactions could expand therapeutic possibilities for the control of occlusive episodes after coronary angioplasty.
